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Abstract

We prove that any Kantorovich potential for the cost function ¢ = d?/2 on a Riemannian
manifold (M, g) is locally semiconvex in the “region of interest”, without any compactness
assumption on M, nor any assumption on its curvature. Such a region of interest is of full
p-measure as soon as the starting measure p does not charge n — 1-dimensional rectifiable
sets.

1 Introduction and main result

Let (M, g) be an n-dimensional complete Riemannian manifold. We consider the Monge trans-
2
port problem on M with cost function c(z,y) = %. This amounts to study the following

problem: given two probability measures p and v on M, minimize

/ (, 5(x)) dp(x)
M

among all maps S : M — M such that Sup = v. The existence and uniqueness of an optimal
transport map under the assumption that p gives no mass to (n — 1)-rectifiable sets and

Siﬂf:u /M c(x,S(x))du(r) < +oo

has been proved in [4, 5] (the result in the compact case was first proven in [8]). The strategy
was the following: first of all, one consider the Kantorovitch minimization problem

inf / C(ZE, y) d7T($, y)7
YEl(p) JMx M

where II(u, ) denotes the set of probability measures on M x M which have p and v as first
and second marginal, respectively. Then, it is a well-known fact in optimal transport theory
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that an optimal 7 exists, and it is contained in the c-subdifferential of a c-convex function
(see [9, Theorems 4.1 and 5.10]): this means that there exist two measurable functions ¢ : M —
RU{+o0} and ¢ : M — R U {—o0} such that

¢(z) = sup ¥(y) —c(z,y),  P(y) = inf ¢(x) +c(z,y) (1.1)

yeM zeM

and 7 is concentrated on the set 0°¢ := Upenr ({2} x 9°¢(z)), where

p(x) :={ye M : ¢(z) =v(y) — c(z,y)}.

This fact implies in particular that the set {¢ < 400} has full y-measure.

Now, to complete the “classical” strategy in order to show existence and uniqueness of
optimal maps, one needs to prove that ¢ is differentiable y-a.e. Indeed, this allows to show that
0°¢(x) is a singleton for p-a.e. z, which implies that the optimal plan 7 is concentrated on the
graph of a function T'. Moreover, such a function can be characterized p-a.e. by the formula

VIC(Z‘, y)|y:T(z) = *VQZ)(:’U) A T(l‘) = €XPy (qu(x)) (12)

(cfr. [4, Theorem 4.3] or [7, Proposition 1.15], see also [8, Theorem 8§]).

However, in [4, 5] the authors could not exactly complete the program described above, since
they were not able to show that the function ¢ (which is also called Kantorovich potential) is
differential p-a.e. Indeed, since in the infimum appearing in (1.1) y varies in a non-compact
set, ¢ does not a priori inherit the local semiconvexity property of the functions = — —M.
Hence their strategy has been to prove a weaker statement, namely that ¢ is approximately
differentiable p-a.e., which turns out to be enough for obtaining existence and uniqueness of the
optimal map. Moreover, at least when u is absolutely continuous with respect to the volume
measure, (1.2) holds provided one replaces V by the approximate gradient V (see [4, Complement
3.4]). The aim of this paper is to fill the gap on the regularity of ¢, showing that without any
assumption on the manifolds nor on the measures p and v, the potential ¢ is always locally
semiconvex on the “region of interest”. More precisely, we show the following:

Theorem 1 Let ¢ be a Kantorovich potential as above, set D := {¢p < +oo} and let Q be the
interior of D. Then ¢ is locally semiconvex in Q, 0°¢(x) is non-empty for any x in Q, and O°¢
is locally bounded in Q2. Moreover, D \ Q is (n — 1)-rectifiable.

Once the above theorem is proved, the existence and uniqueness of an optimal map 71" whenever
w does not charge (n — 1)-rectifiable sets follows in a standard manner (see for instance [8,
Lemma 7] or [4, Theorem 3.1]). Moreover (1.2) holds p-a.e., which allows to deduce (thanks to
the fact that a semiconcave function is twice differentiable vol-a.e.) that T is differential p-a.e.
provided p < vol (see [3, Paragraph 2] and [5, Proposition 3.4]). This last fact is important in
order to compute the Jacobian of 7" and to obtain a change of variable formula (see [3, Corollary
4.7]) which turns out to be useful for many different application in Riemannian geometry. We
refer to [9] for a more complete presentation of the subject and more references.



The next section is devoted to the proof of the above theorem. At the end of the section, we
will also discuss some possible extensions of the above result to the case ¢ = d?/p (p > 1), and
to cost functions arising by minimizing a particular class of Tonelli Lagrangian. Moreover, we
also make some general comments on how to deduce existence and uniqueness of optimal maps
once the result is known in the compact case.

As a last comment, let us say that the approach we are going to describe is strongly inspired
by a discussion made by Villani in [9, Chapter 10], where the author introduces the assumptions
(Hooq) and (Hoog), and he proves that if the cost function satisfies these assumptions, then a
result closely related to ours holds (see [9, Theorem 10.24]). The point is that it is unclear -
at least to us - whether the squared distance satisfies those assumptions or not (in particular,
the problem is in checking (Hooz)). Still, at least in the case ¢ = d” /p or for costs coming from
some special Tonelli Lagrangians, it is possible to conclude. We invite the reader to compare
the proof of our result with the one of [9, Theorem 10.24].

Notice also that an approach similar to ours already appeared in [6, AppendixC].

2 Proof of the main theorem

Recall that D := {¢ < +oo} and Q is the interior of D. We divide the proof in three steps.

e Step 1: ¢ is locally bounded in (2.
Since ¢ is defined by a supremum of continuous functions (see (1.1)), the fact that ¢ is locally
bounded from below is immediate. Hence we only need to prove the bound from above.

We argue by contradiction, and we assume the existence of a sequence z,, — T € {2 such
that ¢(zy,) — +oo. For every n € N, let us choose y, € M a point such that

QS(:L'TL) < w(yn) - C(:L'nyyn) + L (2'1)

In particular, as ¢ = g > 0, we have 9(y,) — 400 too. Hence, since

R 3 ¢(7) = P(yn) — c(z, yn),

we deduce that ¢(x,y,) — 400, which further implies

d 2
c(Zns Yn) = (xnéyn) — +00.
Now, let 7y, : [0,d(2n,yn)] — M be a minimizing geodesic parameterized by arc-length connect-
ing x, to y,. Since d(xy,,yn) — +00, any geodesic 7, is defined at least on an interval [0, ¢], for

some ¢ > 0. Let us define the following set:
Cp = {x € M : there exists ¢t € [0,] s.t. d(z,v,(t)) < t/2}.

(Observe that in an Euclidean space C), would just be a cone with height ¢ and basis of radius
¢/2.) We claim that
ié1f¢—>+oo as n — 400.



Indeed, if d(z,yn(t)) < t/2 for some ¢t € [0, /], thanks to the triangle inequality and (2.1) we
have

z 2 - 5
6(z) > () — d<2y> TR LG AOR Y —; d(z, (1))
2 " B 9
> ) - Do) By [danin) =4/ N
T 2 2 .
> 1/}(yn) - d(néyn) + d(ﬂjna yn) % - %

t 02
> o(xn) — 1+ d(zn,yn) = — —,
2 8
where at the second line we used the identity d(v,(t), yn) = d(zn, yn) — t. Thanks to the above
inequality, we obtain that
62
ga
which proves the claim. Now, letting n — 400 and assuming ¢ sufficiently small (say, 1/10 of
the minimal injectivity radius in a neighborhood of T), it is easy to see by a simple compactness
argument that the following holds: let v € TzM be a limit point for 4, (0) € T, M (in some
chart around 7), and set

inf ¢ > 9(w,) ~ 1~ (2.3)

Coo := {z € M : there exists ¢ € [0,/] s.t. d(z, expz(tv)) < t/2}. (2.4)

Then, up to subsequences, C,, — C in the Hausdorff distance, and ¢ = +oco in the interior of
Cw. Since T € C, this contradicts the fact that T € €2, and concludes the proof.

e Step 2: D\ Q is (n — 1)-rectifiable.
This fact is a simple consequence of the proof of Step 1: assume that T € D\ Q, and let
{z,} C D¢ be a sequence converging to . Then, choosing a sequence {y,} C M such that

Y(yn) — c(Tn,yn) =2 n
(this can always be done as ¢(x,) = +00), we deduce that

inf ¢ > n — 1
e =zmn

(compare with (2.3)), so that ¢ = 400 in the interior of a “cone” Cy with vertex at T, height
¢ and width ¢/2 (see (2.4)). Hence we have proved that at every point T € D \  there exists
an open cone of fixed height and width, with vertex at T, which is contained outside D, and
thus outside D \ Q. Then, it is a well-known result in geometric measure theory that D \ € is
(n — 1)-rectifiable, i.e. contained in a countable union of Lipschitz surfaces (see for instance the
proof of [1, Theorem 2.61] or the one of [9, Theorem 10.48]).

e Step 3: 0°@(x) is non-empty and bounded as x varies in a compact subset of Q2. In
particular, ¢ is locally semiconvex in ().



Let K CC Q, take T € K, and let y € M be such that

¢(@) <P(y) — (@ y) + L.

We claim that d(Z,y) is uniformly bounded, independently of y. Indeed, assuming without loss
of generality d(Z,y) > 1, as in the proof of Step 1 we can consider the point v(¢) on the (unit
speed) geodesic from T to g, where ¢ < dist(K,2¢)/2. Then, by (2.2) we get

I

o(v(0) 2 (@) —1+d(Ty) 5 — 5

Since by Step 1 ¢ is uniformly bounded on the set
Kp:={ze M : dist(z, K) <{} CCQ,

the claim follows.
The proof of Step 3 is now easy: thanks to (1.1) the function ¢ (y) is upper semicontinuous.
Hence, if T € K and {yx} C M is a maximizing sequence for ¢, in the sense that

$(F) < V) — o) + 1

then by compactness (recall that d(, yx) is uniformly bounded) there exists a point 7 such that

o(@) < P(y) — (7, 7).

Since the opposite inequality is always true, we obtain that equality holds and § € 9°¢p(T).
Moreover dist(K,7y) < Cj for some constant Cy depending only on K. Hence

P(z) = sup Y(y) —clz,y) VrweK,
yeM, dist(K,7)<Co

and the semiconvexity of ¢ in the interior of K follows. This concludes the proof of the main
theorem.

Remark 2 (The case ¢ = d?/p) The above result can be easily extended to the case c(z,y) =
d(x%)p, p > 1. Indeed the only difference arises in the proof of (2.2), where by using the inequality

(@ —b)P < aP — paP~'b for any 0 < b < a we get

Va e d).

N | o+

d(x) < Plan) — 1+ d(@n, yn)"~"

Once one has the above inequality, the rest of the proof follows with no changes. Let us however
point out that, since x — dP(x,y)/p is not semiconcave in the classical sense (i.e. distributional
locally second derivatives bounded from above) but only with a modulus of semiconcavity w(t) =
tP~! (see [4, Appendices A and B]), the potential function will only be w-semiconvex, which is
however enough for the potential to be differentiable out of a countably (n — 1)-rectifiable set.



Remark 3 (Costs induced by Lagrangian) A variant of the above argument still works
when the cost function arises by minimizing a Lagrangian which behaves like 6(|v|,), where
6 :1]0,400) — [0, 400) is convex, superlinear, and 6(0) = 0:

1
c(x,y) = inf L(~(t),~(t)) dt
(.9) W(O)ww(l)y/o (’Y( h ))
when L : TM — R is a Lagrangian satisfying
(a) Lis C%
(b) for every (x,v) € TM, %(m, v) is positive definite on T, M;

(c) there exist a convex superlinear function  : Rt — RT, with 6(0) = 0, and Ay, Ao, A3
positive constants, such that

0(|v]z) — A1 < L(z,v) < A26(|vs) + As, Y (z,v) € TM.

Indeed, the only main difference consists in the choice of the cone C), and the proof of (2.2): if
T € M, and (z,), (yn) are like in Step 1, we consider ~, : [0,1] — M to be a minimizer for L
going from x, to y,, that is

1
c(Tn,Yn) = /0 L(’Yn(t)f.Yn(t)) dt, Yn(0) = 2, V(1) = Yn,
and we set
Cp :={x € M : there exists t € [0,1] s.t. d(z, () < nd(zn, n(t)), With d(zn, (1)) < £},

where 7, ¢ > 0 are small constants to be chosen. Let now = € M be such that d(z, v, (t)) < nt for
some t € [0,4], and take o : [0,t] — M a constant-speed minimizing geodesic connecting 7, (t)
to . Then [6(7)|,(r) = d(@n, W(t))/t < nd(z,v,(t))/t, and thanks to the above assumptions
on L we get

c(x,yn) — c(xn,yn) < /0 L(a(r),d(T)) dr _/0 L(fyn(T),"yn(T)) dr

g/o Age(yd(r)\g(ﬂ)df—/o 0(Fim(7)|,(ry) dr + (A + Ag) t

gt{Aﬁ(nd(x’?(t))) —9<W> +(A1+A3)],

where at the last step we used Jensen’s inequality to estimate the second term. We now observe
that, since #(0) = 0 and 6 is convex, 0(n s) < n6(s) for all s > 0. Hence, if we choose n = 1/(2A42)

we have
d(z,n(t))

t
_ > 2
c(Tn, yn) C(%?Jn) = 29 ( ;

) — (A1 + A3) t,

6



and arguing as in (2.2) we obtain

d(z,yn (1))

o) 2 o)~ 1+ 50 (422

) - G+ g

This estimate allows to prove that if ¢(z,) — 400, then there exists a cone with (locally) fixed
height and width, and with vertex at Z, such that ¢ = 400 inside this cone. This allows to
prove Steps 1 and 2. To get Step 3, we have to show that, if

¢(T) < 9(y) —c(@y) +1,

then d(z,y) is uniformly bounded. The proof of this fact is analogous of the one above, although
a bit more involved: thanks to the above assumptions, the Hamiltonian H(x,p) behaves like
0*(|p|z), where 6 is the Legendre transform of 6. Hence, by exploiting the conservation of the
Energy, as in proof of [4, Proposition B.17] one can show that |§(o)| at some o € [0, 1] controls
maxe(o,q] |¥(t)| if v is a minimizer. In this way, one can still prove d(z,y) has to be uniformly
bounded, and the proof of Step 3 follows easily. (We leave the details to the interested reader.)

Remark 4 (Compact vs. non-compact) Let us point out that, if one is simply interested
in knowing that the optimal transport map exists and is unique, without having any information
on its structure (namely, that is induced by a Kantorovich potential through the first formula in
(1.2)), then the argument for passing from the compact to the non-compact case is pretty simple
(what we are going to say is not new - e.g. the argument was used already in [2, Theorem 6.2.10)]
- still we believe it is worth to repeat it here). Assume indeed that existence and uniqueness of
optimal maps is known whenever p and v are compactly supported (together with some suitable
assumptions on p). Then, in the general case, one simply takes an optimal plan 7 and consider

its restriction to K, X K,, where {K,} is an increasing sequence of compact sets such that

7"'L(KnxKn)
m(KnXKnp)
then it is well-known that 7, is an optimal transport plan between them (see for instance |9,

Theorem 4.6]). Hence any m, is concentrated on a graph, and letting n — +oc also 7 has to be
concentrated on a graph. This proves the existence. Moreover the fact that any optimal plan
is concentrated on a graph immediately implies uniqueness, as a linear combination of optimal
plans is still optimal.

UnK,, = M. If u, and v, denote the first and second marginal of m, := respectively,
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